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Recently, we developed a new method to determine earthquake magnitudes using durations of high frequency
energy radiation and the maximum displacement amplitudes, which can be measured from processing of ﬁrst
arriving P-waves. In the present study, we applied this method to the 1992 Nicaragua, 1994 Java, 1996 Peru,
and 2006 Java earthquakes which have been suggested to be “tsunami earthquakes.” Our magnitude estimates for
these earthquakes are consistent with the moment magnitudes in the Global CMT catalog, which demonstrates
that our method is applicable to tsunami earthquakes. The analyzed tsunami earthquakes are characterized in our
method as those with longer source durations and smaller displacement amplitudes.
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1. Introduction
Rapid magnitude determination is essential for tsunami
warnings. The recent two large tsunamigenic earthquakes,
the December 26, 2004 Sumatra (Mw 9.0) and the July 17,
2006 Java (Mw 7.7) earthquakes, have shown that rapid
magnitude determination still needs further improvements.
For the case of the 2004 Sumatra earthquake, it took more
than four hours to obtain an estimate of Mw 8.9 (Park et al.,
2005a). This stimulated many seismologists to develop new
methods for rapid magnitude determination for huge earth-
quakes such as the Sumatra earthquake (Menke and Levin,
2005; Lomax, 2005; Lomax and Michelini, 2005; Park et
al., 2005b; Ni et al., 2005; Bormann and Wylegalla, 2005).
For the case of the 2006 Java earthquake, USGS issued Ms
7.2 and Mw 7.2, and PTWC (Paciﬁc Tsunami Warning Cen-
ter) estimated an Mwp (Tsuboi et al., 1995, 1999) of 7.2, and
Mw 7.4 (calculated from Mm (Okal and Talandier, 1989)
following Weinstein and Okal (2005)), while the Global
CMT project (formerly known as the Harvard CMT project,
and currently available at http://www.globalcmt.org/) pro-
vided Mw 7.7. Several studies analyzing seismic waves
(Ammon et al., 2006; Yagi, 2006; Ji, 2006) and tsunamis
(Fujii and Satake, 2006) suggested that Mw of this earth-
quake is around or greater than 7.7. This case illustrates
that the current routine magnitude determination may fail
for such earthquakes as the 2006 Java earthquake. This can
be a serious problem for tsunami warnings.
Recently, we developed a new method of magnitude de-
termination (Hara, 2007). In this method, magnitudes are
determined using durations of high frequency energy ra-
diation and the maximum displacement amplitudes mea-
sured from ﬁrst arriving P-waves recorded at tele-seismic
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distance range. We showed that this method was applica-
ble to shallow large (Mw≥7.2) earthquakes including the
2004 Sumatra earthquake, and that this method would be
effective for rapid magnitude determination for tele-seismic
events.
In the present study, we investigated the applicabil-
ity of this method to “tsunami earthquakes” (Kanamori,
1972). We chose the 1992 Nicaragua, 1994 Java, 1996
Peru, and 2006 Java earthquakes in this study. Mw and
Ms for these events are shown in Table 1 together with
their origin times and hypocenters. Mw is signiﬁcantly
larger than Ms for these earthquakes, which is a character-
istic of tsunami earthquakes. Many studies have suggested
that these events are tsunami earthquakes (e.g., Kanamori
and Kikuchi, 1993; Newman and Okal, 1998; Polet and
Kanamori, 2000). We show Mt (tsunami magnitude. Abe,
1979, 1981) in Table 1 if available.
2. Analyses
We retrieved BHZ channel waveform data recorded at
the Global Seismograph Network (GSN) stations from IRIS
DMC. Following Ni et al. (2005), we analyzed data from
stations in the epicentral distance range of 30–85 degrees
to avoid scattering due to the upper mantle or D′′ structures
(Shearer and Earle, 2004). Although the difference between
P and S arrival times is about 300 s at 30 degree, it is likely
to be possible to measure longer source duration, since, as
was suggested by Ni et al. (2005), later phases such as PP
and S are suppressed within 2–4 Hz band. We also used data
from FDSN stations in the same epicentral distance range
for the 1992 Nicaragua and 1996 Peru earthquakes, since
the numbers of available stations are small. The number of
the stations used for each earthquake is shown in Table 2.
We followed the data processing procedure of Hara
(2007). First, we determine duration of high frequency en-
ergy radiation through band-pass ﬁltering (corner frequen-
cies are 2 and 4 Hz), calculation of squares, and applying
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Table 1. The origin times, hypocenters, and magnitudes of the events analyzed in this study.
Event Origin time (UT) Hypocenter (lat, lon, and depth) Mw Mt Ms
1992 Nicaragua SEP 02, 00:16:01.6 11.742 N;87.340 W; 45 km 7.6 8.0(1) 7.2
1994 Java JUN 02, 18:17:34.0 10.477 S; 112.835 E; 18 km 7.8 — 7.2
1996 Peru FEB 21, 12:51:01.3 9.593 S; 79.587 W; 10 km 7.5 7.8(2) 6.6
2006 Java JUL 17, 08 19 28.7 9.254 S; 107.411 E; 34 km 7.7 — 7.2
The origin times, hypocenters, and Ms are from the USGS bulletins. Mw is from the Global CMT catalog. (1) Ide et al.
(1993); (2) Abe (1996).
(a) (c)
(b) (d)
Fig. 1. Examples of measurements of high frequency energy radiation for the September 2, 1992 Nicaragua (a), the June 2, 1994 Java (b), the February
21, 1996 Peru (c), and the July 17, 2006 Java (d) earthquakes. The epicentral distances are 31.5, 46.4, 65.1 and 49.8 degrees, respectively. The
top, middle and bottom traces in (a)–(d) are an observed seismogram, a time series of squares of band-pass (2–4 Hz) ﬁltered seismogram, and its
smoothed time series (normalized by the maximum value), respectively. “A” and “F” in the bottom traces denote arrivals of P-waves and estimated
ends of high frequency energy radiation, respectively.
moving window average for smoothing. As the end time of
high-frequency energy radiation, we chose the time when
the amplitude of the smoothed time series became smaller
than 25 per cent of its maximum value. The details are de-
scribed in Hara (2007). Figure 1 shows examples of du-
ration measurements, and Table 2 shows the obtained esti-
mates. As an estimate for each earthquake, we chose the
median among estimates obtained for all of stations. In Ta-
ble 2, we also show the doubled time differences between
the origin and centroid times in the Global CMT catalog,
which can be used as estimates of source durations. Our
duration estimates are consistent with long source durations
inferred from the Global CMT solutions, although our es-
timates are several tens per cent larger. Our estimates are
more consistent with source durations determined by de-
tailed source process studies (Table 2). This suggests that
the duration measurement procedure of Hara (2007) is ap-
plicable to estimation of source durations of tsunami earth-
quakes.
Then, we determined earthquake magnitudes using the
following formula (Hara, 2007):
M = 0.79 log A + 0.83 log + 0.69 log t + 6.47 (1)
where M is an earthquake magnitude, A is the maximum
displacement (m) during the estimated duration of high-
frequency energy radiation from the arrival time of a P-
wave,  is the epicentral distance (km), t is the estimated
duration (s) of high-frequency energy radiation. In the case
where a direct S wave was expected to arrive within the
estimated duration, we used a time series from the arrival
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Table 2. The measured durations of high frequency energy radiation and source time estimates.
Event Duration (s) (C.T.–O.T.)×2 (s) Source time estimates (s) No. of stations
1992 Nicaragua 139.4 89 100–110(1) 11
1994 Java 96.5 78 80–90(2) 18
1996 Peru 78.1 45.4 50–60(3) 23
2006 Java 155.6 138.2 ≥150(4) 26
“Duration (s)” is the estimate of duration of high frequency energy radiation. “(C.T.–O.T.)×2” is the doubled difference
between centroid time in the Global CMT catalog and origin time in the USGS bulletin. “Source time estimates (s)”
shows a source time estimate from previous studies. Their references are as follows. (1) Ide et al. (1993), Kanamori and
Kikuchi (1993), Kikuchi and Kanamori (1995), Velasco et al. (1994), Ihmle´ (1996); (2) Abercrombie et al. (2001); (3)
Ihmle´ et al. (1998), Bourgeois et al. (1999); (4) Ammon et al. (2006), Ji (2006), Yagi (2006). “No. of stations” is the
number of stations used in this study.
Table 3. The magnitude estimates obtained in this study and those of Mwp , Mw (Mm ), and Mw .
Event M (this study) Mwp Mw (Mm ) Mw
1992 Nicaragua 7.52 7.2(1) 7.55(2) 7.6
1994 Java 7.78 7.5(1) 7.65(2) 7.8
1996 Peru 7.35 7.5(1) 7.45(2) 7.5
2006 Java 7.66 7.2 7.4 7.7
(1) Tsuboi (2000). (2) Mw (Mm ) was introduce by Weinstein and Okal (2005). We calculated this scale using the
averages of the Mm estimates presented by Newman and Okal (1998). Mwp and Mw (Mm ) for the 2006 Java earthquake
are from PTWC. Mw is from the Global CMT catalog (although they are shown in Table 1, we show them here again for
comparison).
time of a P wave to the theoretical arrival time of a S wave
computed for iasp91 (Kennett and Engdahl, 1991). As an
estimate for each earthquake, we chose the median among
estimates obtained for all of stations. We show the mag-
nitude estimates in Table 3. These estimates agree well
with Mw in the Global CMT catalog, which suggests that
the magnitude determination of Hara (2007) is applicable
to tsunami earthquakes. Among the four earthquakes, the
1996 Peru earthquake was included in 69 earthquakes that
Hara (2007) analyzed to construct Eq. (1). The estimated
duration of high frequency energy radiation and magnitude
using data from 13 GSN stations was 61.3 s and 7.15, re-
spectively. We added data from 10 FDSN stations, and then
obtained 78.1 s and 7.35, respectively, in this study. This
case implies that data from around or more than 20 stations
should be necessary to obtain a reliable estimate.
3. Discussion
We showed above that it was possible to determine
magnitudes of tsunami earthquakes consistent with Mw in
the Global CMT catalog following the procedure of Hara
(2007). As is shown in Table 1, Mt is larger than Mw for the
1992 Nicaragua and 1996 Peru earthquakes, and the magni-
tude estimates obtained in this study are underestimates for
Mt . However, since our estimates are signiﬁcantly larger
than Ms , and close to Mw, our method will be useful for
tsunami warnings for tele-seismic events.
PTWC determines Mwp and Mw (Mm) (Weinstein and
Okal, 2005) for tsunami warnings. Table 3 shows the es-
timates of these magnitude scales for the earthquakes an-
alyzed in this study. Our estimates better agree with Mw
in the Global CMT catalog generally, while Mwp and Mw
(Mm) better agrees for the 1996 Peru earthquake. How to
utilize these measurements for tsunami warning is impor-
tant subject and should be carefully investigated.
Fig. 2. Contributions to magnitudes from maximum displacement am-
plitudes and epicentral distances (the horizontal axis) and those from
durations of high frequency energy radiation (the vertical axis) are plot-
ted for the earthquakes analyzed in this study and those analyzed by
Hara (2007) as squares and dots, respectively.
The magnitude determined by Eq. (1) has two contri-
butions: one from the maximum displacement amplitude
(with correction for epicentral distance), and the other from
duration of high frequency energy radiation. Figure 2 shows
these two contributions for the earthquakes analyzed in this
study and those that Hara (2007) analyzed (for the 1996
Peru earthquake, we show the result of this study, because,
as was mentioned in the previous section, the result ob-
tained by Hara (2007) using data from fewer stations is
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less reliable). The tsunami earthquakes are characterized as
those for which contributions from the maximum displace-
ment amplitudes are relatively smaller, and those from du-
rations are relatively larger. Therefore, quick identiﬁcation
of tsunami earthquakes may be possible through analyses
of ﬁrst arriving P-waves using our method.
Newman and Okal (1998) calculated radiated seismic
energy using broadband records at tele-seismic distances.
They analyzed the ratio of seismic energy to seismic mo-
ment, which they deﬁned as , and showed that tsunami
earthquakes were characterized by deﬁciency of this param-
eter. They proposed application of their energy computa-
tion formalism coupled with Mm measurements for tsunami
warning. Weinstein and Okal (2005) reported the results of
routine measurements of Mm and  at the Paciﬁc Tsunami
Warning Center. Since only the duration of high frequency
energy radiation is taken into account in our method, it will
be interesting to combine our method and radiated seismic
energy to improve the characterization of earthquakes.
Recently, there have been done several studies to uti-
lize high frequency energy radiation for quantiﬁcation of
earthquake sizes. Chen et al. (2006) obtained high fre-
quency source time function of the July 17, 2006 Java earth-
quake by deconvolution using waveforms from aftershocks
as empirical Green’s function. Lomax et al. (2006) derived
the expression of energy-duration magnitude based on the
Haskell model with measurements of radiated seismic en-
ergy and source duration. They showed that their magni-
tude estimates (including those for the December 26, 2004
Sumatra earthquake and the tsunami earthquakes analyzed
in this study) were consistent with Mw of the Global CMT
catalog.
The results of Hara (2007), Lomax et al. (2006) and the
present study suggest that utilization of high frequency en-
ergy radiation is promising approach for rapid magnitude
determination. These methods are similar in that duration
of high frequency energy radiation is taken into account.
While the expression of Lomax et al. (2006) is derived the-
oretically based on the Haskell model, Hara (2007) adopted
an empirical relation between magnitudes and observables
(i.e., durations of high frequency energy radiation, the max-
imum displacement amplitudes, and epicentral distances).
In terms of the length of time series required for processing,
a time series from P arrival up to the end of high frequency
energy radiation is necessary in the method of Hara (2007),
while a time series from 10 seconds before P arrival to 10
seconds before S arrival is used by Lomax et al. (2006).
Therefore, potentially, the method of Hara (2007) can deter-
mine magnitudes more rapidly. However, it is early to rig-
orously compare results from these methods, because both
of them will be subject to further improvements in their al-
gorithms and implementations.
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